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Interferometric measurement of refractive-index
change in photosensitive glass

Tasshi Dennis, Erin M. Gill, and Sarah L. Gilbert

We report on a technique for determining the change in the refractive index of photosensitive glass. We
have demonstrated our interferometer-based technique on fiber preform and bulk glass samples, achiev-
ing an optical-path-difference ~OPD! repeatability of 0.2 nm. For the bulk glass sample we measured an
OPD of 15.2 6 3.0 nm, corresponding to an index change of 2.1 6 0.7 3 1025. Our technique was found
to be insensitive to the effects of photodarkening and material compaction.

OCIS codes: 120.0120, 120.3180, 120.4530, 160.2290, 160.2750, 230.1480.
1. Introduction

Over the years, UV-induced index change in glass has
been regarded as both a desirable phenomenon, as in
the production of Bragg gratings and waveguide de-
vices,1 and an undesirable phenomenon, as in the

egradation of photolithography optics.2 Despite
the development of numerous techniques to enhance
or suppress it in various glass compositions, a funda-
mental understanding of the photosensitivity mech-
anism remains incomplete. For germanium-doped
silica glass the primary mechanisms that have been
proposed and studied are UV-induced defect centers
that result in modified absorption3,4 and material

ensification,5 either of which may be accompanied
y stress changes.6 Although far from certain, it
ppears likely that a combination of the proposed
echanisms should be considered. Part of the diffi-

ulty in drawing firm conclusions from the studies
rises from the wide array of glass compositions and
rocess conditions involved and the limitations of the
easurement techniques. In this paper we present

n improved technique for the measurement of UV-
nduced index change in bulk glass samples.

In the fabrication of fiber Bragg gratings the in-
uced index change is typically estimated from the
evice reflectivity with a coupled-mode analysis.1

However, it would be useful if the index change could
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be determined without involving an optical fiber. A
larger variety of glass compositions could be studied
in the bulk form, and the dependence on glass com-
position could be distinguished from effects that are
due to drawing-induced stress or defects. Inter-
ferometry has been used for index measurements of
thin films7 and optical fibers,8 but there are few stud-
ies applicable to postirradiation measurements of
bulk materials. Low-coherence interferometry is
best suited to thickness and index-of-refraction mea-
surements of thin films.9 The most relevant studies
have used commercial coherent interferometer sys-
tems to report on surface deformations that are due
to compaction10 as well as to measure the total optical
path difference ~OPD! through irradiated samples.2
Our measurement technique uses small changes in a
single interference fringe of a coherent Michelson in-
terferometer to characterize the induced index
change in bulk glass and fiber preform materials.
By limiting the dynamic range of the measurement to
a single interference fringe, periodically patterning
the index change for averaging purposes, and design-
ing custom digital signal processing, this technique
achieves better absolute accuracy and repeatability
than available instruments.

2. Experiment

Our technique for measuring induced index changes
in photosensitive glass is based on observing the OPD
that occurs when irradiated and unirradiated por-
tions of a sample are passed through the arms of a
Michelson interferometer. Figure 1 shows our mea-
surement system, beginning with the beam from a
single transverse-mode laser diode at 780 nm, which
we shaped with an anamorphic prism pair and
passed through an optical isolator. After spatial fil-
1 April 2001 y Vol. 40, No. 10 y APPLIED OPTICS 1663
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tering, we focused the beam through two beam split-
ters and the glass sample to be measured, producing
a beam waist of ;30 mm on the return mirrors. The
two output intensities of the interferometer exit the
beam splitters as complementary functions of a phase
that depends on the OPD and can be expressed as I1
} I0~1 2 cos f! and I2 } I0~1 1 cos f!. Here I0 is the
input intensity and

f 5 2p
2~OPD!

lLD
(1)

is the phase relationship between the interfering
beams of the laser diode at vacuum wavelength lLD
arising from the single-pass OPD. By individual de-
tection of these intensities with gain-equalized pho-
todiodes whose electrical signals are subtracted, a
signal proportional to I0 cos f is formed. This oper-
tion removes the dc component, creating a bipolar
nterferometric response that has multiple zero cross-
ngs, with linear slopes to a first-order approxima-
ion. The interferometer was locked onto one of the
rossings ~i.e., operated in quadrature! by use of the
ipolar response to create the correction signal in a
eedback loop. The signal was conditioned to com-
ensate for drift and low-frequency noise and was
pplied to a piezoelectric transducer mounted behind
irror M1.
We prepared the samples by polishing a slab of the

hotosensitive glass and irradiating it with UV light
n a periodic pattern over a portion of its area. The

easurement system was designed so that both
eams of the interferometer could simultaneously
robe the sample, one through the pristine glass and
he other through the periodically irradiated region,
s shown in Fig. 1. The beams were separated ver-
ically on the sample by a distance of ;3 mm. In
his manner both beams sampled the larger-scale
ath-length changes caused by sample inhomogene-
ties and thickness variations, thereby canceling

ost of these effects. A spatial mapping of the OPD
cross the sample was produced by linear translation

Fig. 1. Interferometric measurement system: LD, laser diode;
ISO, optical isolator; L1 and L2, lenses; SF, spatial filter; BS1 and
BS2, beam splitters; M1 and M2, return mirrors; M3, steering
mirror; PZT, piezoelectric transducer; PD1 and PD2, photodiodes.
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f the sample through the interferometer in the ori-
ntation shown. The periodicity of the UV-induced
ndex change and the speed of the sample translation
etermine the frequency of the OPD signal. Thus a
eriodic waveform is generated by the interferometer
hile at the same time the finite gain of the feedback

oop partially compensates for the periodic OPD
hange. The waveform can be observed on both the
nterferometer response and correction signal out-
uts; however, we found that the best signal-to-noise
atio ~SNR! was achieved from the correction ~feed-
ack! signal.
Two different glass samples were prepared for

nalysis with our system: a bulk barium borosili-
ate crown glass with 5% by mole of germanium dop-
ng and a boro-germanosilicate fiber preform with a
–10% by mole germanium-doped core. The bulk
aterial was created in a glass melt, and the preform
as grown by chemical deposition. A slice from the
ulk sample ;4.5 mm thick was polished to a surface
nish of ly10 and a scratch–dig quality of 20y10 on
oth sides of 20 mm 3 30 mm area. A 750-mm-wide
mplitude mask was used for individual irradiation
f six spots spaced 750 mm apart with 244-nm light
rom a frequency-doubled 488-nm continuous-wave
cw! argon-ion laser. On the basis of an average
eam intensity of 5.1 Wycm2 and an irradiation time

of 50 min, we estimate the total fluence at each spot
on the sample to be 15 kJycm2. A thin section was
cut from the preform, centered on and parallel to the
core axis, exposing a photosensitive region 1.4 mm
wide ~the core diameter! and 3 cm long ~the sample
length!, bordered on two sides by a 5-mm-wide clad-
ding layer. The axial section provided a rectangular
band of photosensitive material that was much larger
than the circular area of a perpendicular slice. Both
sides of the ;640-mm-thick section were polished to
an estimated surface finish of ly4. A KrF excimer
laser at 248 nm and an amplitude mask with a series
of slots 750 mm wide and spaced 750 mm apart was

sed to expose the band of core material. We depos-
ted a total fluence of 5 kJycm2, using 40 mJycm2

pulses at a repetition rate of 200 Hz.
We removed the effect of surface defects incurred

during the glass melt or preform deposition process
by preparing samples from within the volume of the
bulk and preform material. In the case of the pre-
form, slicing through the core–cladding interface
may have influenced the photosensitivity through
stress relief. Differences in UV absorption between
fiber and preform material, likely caused by drawing-
induced defects or stress changes, have been docu-
mented.3

3. Results

Figure 2~a! shows a typical OPD mapping of the bulk
ample produced by the interferometer and recorded
ith a digitizing oscilloscope. The homogeneity of

he bulk glass resulted in high interferometric visi-
ility and good SNR for the six UV-exposed regions.
ost of the noise features have been correlated with
otion of the translation stage. The slowly varying
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ripple, beginning at a frequency below the OPD sig-
nal, was caused by irregular sample motion. Unfor-
tunately, as the frequency of this noise increases, it
becomes indistinguishable from the OPD signal.
The high-frequency noise was caused primarily by
motion of the translation stage that vibrated inter-
ferometer components, and it could be reduced by
additional low-pass filtering.

Figure 2~b! shows a portion of a typical OPD map-
ing for the preform sample. A differentiator feed-
ack circuit was incorporated to improve the noise
erformance at frequencies above the OPD signal.
s compared with the bulk sample data, there is a
reater amount of low-frequency noise, arising from
he inhomogeneity of the sample: The center of the
reform core has an index suppression of 50%,
hereas the surrounding core material is fairly uni-

orm with an index ripple of ;4%. The sample was
carefully aligned to the focused interferometer beam
so that the uniform region of the core was probed
during axial translation. However, despite our best
efforts, it is possible that portions of the beam strayed
across and outside this region during translation, ac-
counting for some of the slow baseline fluctuation. A
sequence of five peaks near the center of the mapping
was used in the data analysis.

Digital signal processing ~DSP! was performed on
the raw data to improve the SNR and to extract the
average peak-to-peak amplitude of the OPD wave-
form. For the preform data we simply performed a
baseline correction to remove the low-frequency noise
component followed by peak-to-peak detection. To
investigate the possibilities, a more sophisticated ap-
proach was taken with the bulk glass data. Finite-
impulse-response digital filters, implementing a
moving-average or nonrecursive algorithm, were de-
signed to reject most of the translation stage noise.
The high-frequency noise due to component vibration
was easily removed with a low-pass filter having a

Fig. 2. Mappings of OPD’s for ~a! the bulk glass and ~b! the
reform as recorded with the interferometer. The OPD of the
ulk glass was determined by use of all the waveform peaks,
hereas the preform OPD used the central five peaks.
 cutoff at four times the signal frequency. The low-

frequency ripple, however, resides in a narrow band
in and between the signal and the lower-frequency
component that defines the envelope of the waveform.
The high-pass filter’s cut-off frequency was chosen to
preserve the average OPD amplitude of the raw data,
and a single zero was placed in the stop band, cen-
tered between the signal and envelope components.
Figure 3 shows the bulk glass signal of Fig. 2~a! after
filtering, which reduces the standard deviation of the
peak-to-peak amplitudes by more than a factor of 3.

By measuring the fringe visibility amplitude of the
interferometer ~the response I0 cos f for a particular
ample!, we could express the average peak-to-peak
oltage amplitude of the waveform as an OPD in
nits of nanometers. Because the OPD is small
ompared with the measurement wavelength, the in-
erferometer’s response at a zero crossing can be con-
idered linear, with a slope equal to one-half the
eak-to-peak amplitude of the visibility pattern di-
ided by a unit radian. A second calibration factor
ccounts for the attenuation of the measured wave-
orm amplitude that is due to the feedback circuit and
ow-pass filtering. This compensation is necessary,
ince the fringe visibility amplitude was measured
ithout feedback and filtering, owing to its having a
igher frequency than the OPD waveform. These
actors combine to allow the measured waveform am-
litude to be expressed as a change in phase f, which
s proportional to the OPD through Eq. ~1!. Through
his procedure we obtained average OPD values of
5.2 nm from 10 mappings of the bulk glass and 17.4
m from 15 mappings of the fiber preform.
We performed an uncertainty analysis on the bulk

lass data to validate the OPD determination and to
ndicate the utility of the technique for future studies
f photosensitivity. The analysis helps to identify
he areas of technical refinement that would allow
his technique to reach its potential for higher abso-
ute accuracy. The major sources of uncertainty are
ummarized in Table 1. We measured the emission
avelength of the interferometer’s laser diode to be
84.9 nm, using an optical spectrum analyzer

Fig. 3. Bulk glass OPD mapping after DSP has reduced the noise
components caused primarily by motion of the translation stage.
1 April 2001 y Vol. 40, No. 10 y APPLIED OPTICS 1665
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Table 1. Example Uncertainty Budget for OPD Determination

1

~0.5-nm absolute uncertainty!, and observed a line-
idth and stability sufficient to consider it to be
onochromatic. A substantial uncertainty was in-

roduced during the voltage measurement of the OPD
apping and the fringe-visibility pattern. An oscil-

oscope is generally not an accurate measurement
evice, and because the OPD amplitude was a factor
f 30 smaller than the calibration signal, different
ain settings were required.
The calibration of the interferometric system had

he greatest uncertainty, mainly because the re-
ponses with and without feedback had to be corre-
ated accurately, as already stated. An uncertainty
as introduced in the process of combining the mea-

ured frequency response of the interferometer, feed-
ack circuit, and low-pass filter at the frequency of
he OPD signal. In addition, there was an uncer-
ainty due to the spread in frequency of the OPD
ignal, which was likely caused by nonlinear sample
otion and a nonsinusoidal irradiation pattern. Fi-

ally, the basic measurement equipment used during
alibration introduced uncertainties that could be es-
imated from the manufacturer’s specifications.
he value presented in Table 1 is a root-sum-of-
quares ~RSS! combination of these factors.
The standard deviation due to noise before DSP
as 1.3 nm, as calculated from the SNR of the raw
ata. The majority of the noise was caused by me-
hanical vibration that was due to sample transla-
ion. Other contributors were the spot-to-spot
ariation in optical fluence deposited during UV ex-
osure, the electrical amplifier noise, the surface
uality and finish, and the amplitude noise of the
aser. The noise uncertainty of 0.5 nm shown in
able 1 is the standard deviation of the individual
eak-to-peak amplitudes of the OPD after DSP has
een applied. The combined standard uncertainty
f 1.5 nm for the OPD measurement is a RSS combi-
ation of the Table 1 entries. Thus we conclude that
he OPD for the bulk sample is 15.2 6 3.0 nm, where
ur quoted uncertainty is the expanded uncertainty
ith a coverage factor of 2 ~i.e., our value is 62s!.
The repeatability of our technique was estimated

from multiple OPD measurements of a single index
step of the bulk glass sample. Analysis of only one
feature removed the effects of the spot-to-spot varia-
tion in optical fluence deposited during UV exposure
and the noise signature of the translation stage.

Source of Uncertainty

Standard
Uncertainty
~1s! ~in nm!

Source wavelength accuracy and stability 0.01
Relative voltage measurement 0.9
Calibration uncertainty 1.1
Noise after DSP 0.5

Combined standard uncertainty ~RSS! 1.5
666 APPLIED OPTICS y Vol. 40, No. 10 y 1 April 2001
The standard deviation of the measurements yields a
repeatability of 0.2 nm ~1s!.

To interpret the average OPD values in terms of an
index change, we needed to estimate the depth of the
photosensitive response. This is difficult to quan-
tify, since the index profile most likely follows an
exponential decay into the sample, influenced by sat-
uration effects. Our method has been to use the
depth at which the absorption of UV radiation
reaches the 1ye value, ignoring saturation. Samples
of the bulk and preform material were prepared in a
manner identical to those measured by the inter-
ferometer, only with much smaller thickness to in-
crease the UV transmission. We measured the
absorption depth of the bulk glass, using a 250-mm-
hick sample and a scanning UV-visible spectrome-
er. The absorption depth was calculated on the
asis of an exponential decay model with compensa-
ion for Fresnel reflections from the front and back
urfaces. At the irradiation wavelength of 244 nm,
e measured an absorption coefficient of a 5 1.39 6
.38 mm21, corresponding to a 1ye depth of 717 6 200

mm ~2s!. The preform measurements proved to be
much more challenging because of a much higher
material absorption. Using the 244-nm cw laser
source, different from the 248-nm pulsed KrF laser
used for sample processing, we measured a very large
value of a ' 68 mm21 in a 150-mm-thick sample,
orresponding to a 1ye depth of only ;15 mm. With
hese values we interpret the bulk and preform
PD’s as index changes of 2.1 6 0.7 3 1025 and

roughly 1.2 3 1023, respectively.
The irradiated regions of both samples were

scanned with a mechanical-stylus profilometer for
surface deformations that could have been caused by
material compaction. The bulk glass showed no
signs of surface structure down to the 1-nm level,
although a periodic darkening identical to the irradi-
ation pattern was evident in the material volume.
The presence of both this solarization effect and an
index change in the infrared would appear to conflict
with the results of a previous study of photosensitive
fiber.8 However, we note that our results were ob-
tained from a bulk material with a different compo-
sition that had been made with a different fabrication
process. For the purpose of evaluating our measure-
ment technique we estimate that the darkening was
responsible for a reduction of 1.8% in transmission
intensity at 780 nm, causing an underestimate of the
OPD of less than 1%. In contrast to the bulk glass,
the photosensitive core region of the preform exhib-
ited a distinct square-wave surface structure with a
1.5-mm period, matching that of the amplitude mask
pattern used during irradiation. The average depth
of these features was 27 nm, observed over several
periods. We estimated the index change due to com-
paction, using a differential form of the Lorentz–
Lorenz relationship,11

Dn 5
~n2 2 1!~n2 1 2!

6n
Dt
t

. (2)
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In this expression n is the refractive index ~1.47! of
he preform core, t is the thickness ~640 mm! of the
ample, and Dt is the depth ~27 nm! of the surface
eformation. With these values we calculated an
verage index change of 2.3 3 1025, effective over the

entire sample thickness t. Because the effects of
compaction ~reduced sample thickness and increased
refractive index! tend to cancel each other in an OPD

easurement, the observed compaction accounts for
nly 2 nm of the 17.4-nm measured OPD. For this
eason we conclude that our measurement technique
s not very sensitive to this photosensitivity mecha-
ism. Because we are interested only in the contri-
ution specific to our experiment, our volumetric
nalysis did not take into consideration any con-
training effects of the surrounding pristine material
n the index change.

4. Conclusion

We have demonstrated an interferometric technique
for measuring the total induced index change in pho-
tosensitive bulk glass and fiber preform materials.
In the case of the bulk glass, an index change of 2.1 6
0.7 3 1025 was measured without any sign of com-

action, yet it displayed color features indicative of
olarization. By contrast, a portion of the much
arger 1.2 3 1023 index change observed in the pre-
orm glass could be attributed to material compac-
ion, with no sign of solarization. The material
roperties were observed in the process of evaluating
ur measurement technique, and the fact that only
wo samples were involved prevents us from making
eneral conclusions about the mechanisms of photo-
ensitivity. Our technique appears to be insensitive
o the solarization effect, which is advantageous, but
t is also somewhat insensitive to compaction, owing
o the offsetting effects of reduced sample thickness
nd increased refractive index. For the bulk glass
easurement, our analysis shows that we achieved a

ombined absolute uncertainty of 3.0 nm ~2s! and a
epeatability of 0.2 nm ~1s!. Both these figures
emonstrate a performance that is better than that of
ommercial systems with which we are familiar.
ur technique achieves this by limiting the dynamic

ange of the measurement to a single interference
ringe, periodically patterning the index change for
veraging purposes, and designing custom digital sig-
al processing ~DSP! for each glass sample. Despite
his success, we expect that our performance could
asily be improved through technical refinements.
f particular importance would be a better OPD cal-

bration technique, perhaps one involving a calibra-
ion standard with known thickness variations and
onstant index. The uncertainty and the repeatabil-
ty could easily be reduced with a more accurate
eans of acquiring the voltage waveforms; a high-
esolution data-acquisition board is one possibility.

more smoothly running translation stage, perhaps
ne designed with air bearings, could dramatically
mprove the SNR while reducing the need for DSP.
onceptually, a better model for the depth of the

ndex change, one that accounts for the material
aturation that is due to incident light, is needed,
specially for absolute measurements. The mea-
urement technique we have presented should enable
ore-detailed investigations in future studies of pho-

osensitivity, particularly ones that involve relative
omparisons of a material subjected to varying pro-
ess conditions.

We thank J. Hayden and S. Pucilowski ~Schott
lass Technologies, Inc.! for providing the bulk glass
nd A. Carter ~Redfern Fibres, Inc.! for providing the
reform used in this study.
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